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(57) ABSTRACT 

The cantilever of a probe-based metrology instrument such 
as an AFM is de?ected by directing a beam of ultrasonic 
energy at the cantilever to apply ultrasonically generated 
acoustic radiation pressure to the cantilever. The energy is 
generated by an ultrasonic actuator such as a ZnO transducer 
driven by a poWer source such an RF signal generator. The 
transmitted beam preferably is shaped by focusing, collima 
tion, or the like so that it impinges at least primarily on a 
region of interest of the cantilever such as the free end. The 
ultrasonic actuator produces a much better controlled force 
on the cantilever than can be achieved through the use of a 
traditional piezoelectric actuator and, accordingly, produces 
a response free of spurious effects (at least When the canti 
lever is operating in liquid). It also has a frequency band 
Width in the MHZ range. 
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METHOD AND APPARATUS FOR THE 
ULTRASONIC ACTUATION OF THE CANTILEVER 

OF A PROBE-BASED INSTRUMENT 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] Priority under 35 USC §1.119(e) is hereby claimed 
on prior US. Provisional Patent Application Serial No. 
60/313,911, ?led Aug. 21, 2001, the subject matter of Which 
is hereby incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention is directed to probe-based 
instruments and, more particularly, relates to a method and 
apparatus for driving a cantilever of such an instrument 
using acoustic radiation pressure generated by an ultrasonic 
actuator. 

[0004] 2. Description of Related Art 

[0005] Several probe-based instruments monitor the inter 
action betWeen a cantilever-based probe and a sample to 
obtain information concerning one or more characteristics of 
the sample. For example, scanning probe microscopes 
(SPMs) typically characteriZe the surface of a sample doWn 
to atomic dimensions by monitoring the interaction betWeen 
the sample and a tip on the cantilever probe. By providing 
relative scanning movement betWeen the tip and the sample, 
surface characteristic data can be acquired over a particular 
region of the sample, and a corresponding map of the sample 
can be generated. 

[0006] The atomic force microscope (AFM) is a very 
popular type of SPM. The probe of the typical AFM includes 
a very small cantilever Which is ?xed to a support at its base 
and Which has a sharp probe tip attached to the opposite, free 
end. The probe tip is brought very near to or into contact 
With a surface of a sample to be examined, and the de?ection 
of the cantilever in response to the probe tip’s interaction 
With the sample is measured With an extremely sensitive 
de?ection detector, often an optical lever system such as 
described in Hansma et al. US. Pat. No. RE 34,489, or some 
other de?ection detector such as strain gauges, capacitance 
sensors, etc. The probe is scanned over a surface using a 
high-resolution three axis scanner acting on the sample 
support and/or the probe. The instrument is thus capable of 
creating relative motion betWeen the probe and the sample 
While measuring the topography or some other surface 
property of the sample as described, e.g., in Hansma et al. 
US. Pat. No. RE 34,489; Elings et al. US. Pat. No. 
5,226,801; and Elings et al. US. Pat. No. 5,412,980. 

[0007] AFMs may be designed to operate in a variety of 
modes, including contact mode and oscillating mode. In 
contact mode operation, the microscope typically scans the 
tip across the surface of the sample While keeping the force 
of the tip on the surface of the sample generally constant. 
This effect is accomplished by moving either the sample or 
the probe assembly vertically to the surface of the sample in 
response to sensed de?ection of the cantilever as the probe 
is scanned horiZontally across the surface. In this Way, the 
data associated With this vertical motion can be stored and 
then used to construct an image of the sample surface 
corresponding to the sample characteristic being measured, 

Mar. 6, 2003 

e.g., surface topography. Alternatively, some AFMs can at 
least selectively operate in an oscillation mode of operation 
such as TappingMode,TM In TappingModeTM the tip is oscil 
lated at or near a resonant frequency of the cantilever of the 
probe. The amplitude or phase of this oscillation is kept 
constant during scanning using feedback signals, Which are 
generated in response to tip-sample interaction. As in con 
tact mode, these feedback signals are then collected, stored, 
and used as data to characteriZe the sample. 

[0008] Regardless of their mode of operation, AFMs can 
obtain resolution doWn to the atomic level on a Wide variety 
of insulating or conductive surfaces in air, liquid or vacuum 
by using pieZoelectric scanners, optical lever de?ection 
detectors, and very small cantilevers fabricated using pho 
tolithographic techniques. Because of their resolution and 
versatility, AFMs are important measurement devices in 
many diverse ?elds ranging from semiconductor manufac 
turing to biological research. 

[0009] One potentially problematic characteristic of 
AFMs and other probe-based instruments lies in the tech 
nique employed to provide an external force to de?ect or 
oscillate the instrument’s cantilever. In an AFM, the canti 
lever is typically oscillated using a pieZoelectric drive, often 
knoWn simply as a pieZo drive. Referring to FIG. 1A by Way 
of example in this type of system, the typical probe 20 
includes a cantilever 22 that extends outWardly from a 
substrate 26 coupled to a pieZoelectric drive 24 via a probe 
mount 27. Probe 20 also includes a tip 28 that is provided on 
the opposed, free end of the cantilever 20. The pieZoelectric 
drive 24 can be selectively excited by a signal generator 29 
to move the cantilever 22 up and doWn relative to a sample 
30. When the instrument is con?gured for an oscillating 
mode of operation, the drive voltage is applied to the 
pieZoelectric drive 24 to drive the cantilever 22 to oscillate 
at a frequency that is dependent upon the frequency of the 
drive voltage. This frequency is typically at or near the 
cantilever’s resonant frequency, particularly When the 
instrument is operated in TappingModeTM. 

[0010] Such a traditional pieZoelectric drive necessarily 
acts only on the base of the cantilever, not on the free end 
portion. It therefore must apply substantially greater forces 
to the cantilever to obtain a given de?ection magnitude at the 
free end than it Would if it Were to apply forces directly to 
the free end or even to the body of the cantilever. This 
inef?ciency limits the range of applications for this common 
type of pieZo-electrically-driven probe. 

[0011] For instance, the pieZoelectric drive shoWn in FIG. 
1A Works Well in air because the typical AF M cantilever can 
be excited to resonance in air relatively easily. This charac 
teristic is quanti?ed by the “quality factor” of a resonance of 
the cantilever. The quality factor, Q, denotes the sharpness 
of a cantilever’s resonance curve as denoted by the ratio: 
fO/Af, Where fO is the resonant frequency and Af is the 
bandWidth betWeen the half-poWer points of the curve as 
re?ected by the half-peak amplitude points 41a and 41b on 
the curve 40 in FIG. 2A. The curve 40 demonstrates that the 
typical cantilever operating in air has a Q of 100-200 or even 
higher. The Q of a cantilever resonance is a measure of hoW 
much gain the resonance provides in an oscillating system. 
Aresonance With a large Q can be excited to relatively large 
cantilever oscillation amplitudes With relatively small exci 
tation forces. For operation in air or other gaseous environ 
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ments, the cantilever typical piezoelectric drive usually has 
ample excitation force to drive the cantilever to produce a 
resonance peak 42 that is easily identi?ed and distinguished 
from other, parasitic resonance peaks such as those of the 
mounts for the cantilever and the pieZoelectric drive and the 
pieZo drive itself (note the much smaller peaks 42a, 42b, etc. 
denoting these parasitic resonances). 
[0012] Conversely, a cantilever operated in liquid such as 
Water has a dramatically loWer Q because the liquid damps 
the oscillating cantilever. In fact, the typical cantilever 
operating in Water has a Q of less than 30 and even less than 
10. As a result, the typical pieZoelectric drive does not have 
enough gain to excite the cantilever suf?ciently to produce 
a resonance peak that is easily located and differentiated 
from parasitic resonances. This effect is discussed beloW in 
conjunction With FIG. 2B. 

[0013] Specialized cantilever drives are available that act 
along the length of the cantilever rather than only on the 
base. One such drive is the so-called magnetic drive. Refer 
ring to FIG. 1B, the typical magnetic drive system 50 has a 
magnetic cantilever 52 that is driven by an electromagnetic 
drive. The cantilever 52 has a ?xed base rigidly attached to 
a support 54 and bears a tip 56 on its free end that interacts 
With sample S. The cantilever is also rendered magnetic by 
coating one or more of its surfaces With a magnetic layer 58. 
The electromagnetic drive comprises at least one electro 
magnet coil 60 spaced from the cantilever 52. The coil(s) can 
be energiZed by a controller 62 including a signal generator 
to impose a variable a magnetic ?eld on the magnetic layer 
58. The magnetic ?eld produces a torque on the cantilever 52 
of a magnitude that increases With the amplitude of the 
applied magnetic ?eld acting on the layer 58. By controlling 
the amplitude of the applied magnetic ?eld, the cantilever 52 
can be de?ected as desired While the tip 56 interacts With the 
sample S. This de?ection is monitored by a photodetector 66 
receiving re?ected light transmitted by a laser 68. In the 
usual case in Which the magnetic drive 60 is controlled to 
maintain a speci?ed characteristic of cantilever de?ection 
constant during scanning, an output signal related to the 
amplitude of the signal provides an indication of a surface 
force applied to the probe. A magnetic drive system having 
these characteristics is described in greater detail in US. Pat. 
No. 5,670,712 to Cleveland, the subject matter of Which is 
hereby incorporated by reference by Way of background. 

[0014] A magnetic drive system has inherent limitations 
that considerably restrict its range of applications. For 
instance, it requires a special magnetically coated cantilever 
and, accordingly, cannot be used in applications in Which the 
cantilever is not capable of being coated With a magnetic 
material. It also is not usable in applications in Which 
magnetic properties of the sample and/or the environment 
cause unWanted de?ection of the cantilever and produce 
errors into the measurements. The practical operating ranges 
of the magnetic drive system are also limited. A typical 
magnetic drive coil may operate With a current exceeding an 
amp and result in a cantilever de?ection on the order of 
1-100 nm at the cantilever resonance frequency. Even at this 
coil current, the heat load generated can cause thermal drift 
errors in the measurement of the AFM. The frequency range 
of the magnetic drive system is also limited by the induc 
tance of the drive coil. Higher actuation forces can be 
achieved by using more loops in the drive coil, but this also 
increases the inductance and limits the maximum operating 
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frequency. With the limits of inductance and maximum heat 
load, the typical magnetic drive operates With less than 50 
kHZ and With oscillation amplitudes of less than 30 nm. For 
example, the MAC-ModeTM magnetic drive system, sold by 
Molecular Imaging, advertises an operating range of 5-30 
kHZ and a maximum amplitude of 30 nm. 

[0015] Another instrument having a cantilever driven 
remotely from its base utiliZes the so-called acoustic drive. 
Referring to FIG. 1C, in an instrument 70 of this type, a 
cantilever 71 and a pieZoelectric drive 72 are mounted on a 
common head 74 in a spaced-apart relationship. The head 74 
is mounted above a ?uid cell 76 by mounting balls 78 or 
other supports so that the cantilever 71 extends into the ?uid 
cell 76 so as to interact With a sample (not shoWn) in the cell. 
The pieZoelectric drive 72 can be excited by an signal 
generator 80 to generate acoustic Waves that propagate 
through the glass Walls of the ?uid cell 76, through the ?uid 
in the cell 76, and onto the cantilever 71, causing the 
cantilever 71 to oscillate. An acoustic drive having these 
characteristics is disclosed, for example, in Putman et al in 
“Tapping Mode Atomic Force Microscopy in Liquids” 
Applied Physics Letters 64: 2454-2456. 

[0016] Acoustic drive has distinct disadvantages that limit 
its effectiveness. For instance, the acoustic energy also 
impinges on many other components of the system, such as 
mounts for the cantilever and the pieZoelectric drive, the 
?uid cell, and even the ?uid exciting, resonances in those 
components. These resonances can be difficult to distinguish 
from the cantilever resonance. The acoustic drive also has 
suf?cient actuation force at a limited selection of operation 
frequencies and it can be a challenge to match the cantilever 
resonance With the operation frequency of the acoustic 
actuator. If a user selects a resonance that does not overlap 

With the cantilever resonance, the measurements may be 
unstable. 

[0017] An ultrasonic force microscope (UFM) is a scan 
ning probe microscope that uses high frequency acoustic 
Waves to image the mechanical properties of a sample, often 
shoWing sub-surface contrast. Speci?cally, referring to FIG. 
1D, 21 UFM 90 includes a cantilever 91 having a base ?xed 
to a stationary support 94, a sample support 92 located 
beneath the cantilever 91, and on an XYZ scanner 96 that 
supports the sample support. An ultrasonic actuator 98 such 
as commercial ultrasound transducer mounted on the bottom 
of the sample support 92 and is excited by an RF voltage 
from an RF signal generator 100. The ultrasonic actuator 98 
is relatively large (typically a centimeter or more in diam 
eter) With a resonant frequency often in the loW-MHZ range. 
When it is excited by the RF signal generator 100, it 
generates ultrasonic Waves that impinge over a broad area of 
the sample S. Some of the incident ultrasonic energy is 
re?ected or absorbed, and some penetrates the sample S and 
then impinges on the cantilever 91, causing the cantilever 91 
to de?ect aWay from the sample surface. The magnitude of 
the cantilever de?ection is related to the percentage of the 
energy that penetrates the sample S and, accordingly, the, 
re?ects variation in sample properties such as density. 
Accordingly, as the sample S is scanned relative to the probe 
using the scanner 96, variations in cantilever de?ection can 
be detected to provide information concerning the sample. 
In addition, While UFMs have been in use for almost a 
decade, no one has adapted an ultrasonic device as a general 
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purpose cantilever actuator capable of de?ecting the canti 
lever at a Wide range of frequencies. 

[0018] Turning to FIG. 2B mentioned above, the plots 
demonstrate the frequency response of a typical AFM can 
tilever to excitation. The curve 44 plots the actual or true 
response of a relatively short and thick cantilever in Water as 
determined by a knoWn process called a “thermal tune.” A 
thermal tune measures the natural intrinsic motion of the 
cantilever in response to the temperature of its surroundings. 
Basically, the “heat bath” that surrounds the cantilever 
provides the energy to naturally oscillate at a very small 
amplitude, usually sub-nm. Since the cantilever oscillation 
amplitude due to the thermal energy is so small, thermal 
tunes cannot be used for image data acquisition, but they do 
provide a very clean representation of the true oscillatory 
response of the cantilever. The curve 46 plots the detected 
response of the same cantilever as it is driven acoustically by 
a pieZoelectric drive (FIG. 1C). The true response as 
denoted in curve 44 has a sharp peak 48 at the fundamental 
resonance of about 15 kHZ. HoWever, When the cantilever is 
driven acoustically by a pieZoelectric drive, ?uid damping 
and other effects reduce that response to the point that the 
cantilever resonance peak cannot be differentiated from 
parasitic resonance peaks. 

[0019] Hence, the need has arisen to provide a probe 
based instrument that has an actuator that drives the canti 
lever 50 as to produce a “clean” frequency response, pref 
erably by driving the cantilever body rather than the base, 
but that is versatile in bandWidth/or types of measurements. 

[0020] The need has also arisen to provide an improved 
method of driving a cantilever of a probe-based instrument. 

SUMMARY OF THE INVENTION 

[0021] In accordance With a ?rst aspect of the invention, 
one or more the above-identi?ed needs is met by providing 
a probe-based instrument having a cantilever that is 
de?ected by directing acoustic Waves onto the body of the 
cantilever rather than by moving the base of the cantilever. 
The cantilever is de?ected by a second order force, also 
knoWn as an acoustic radiation force, generated by beams of 
ultrasonic energy generated by an ultrasonic actuator such as 
a Zinc oxide transducer. The ultrasonic actuator is supplied 
With an oscillating RF voltage that may be continuous or 
varied in a quasistatic manner to apply a constant or chang 
ing force to the cantilever. The RF voltage may also be 
modulated at any frequency from DC to many M:HZ, thus 
providing an ideal drive force for oscillating the cantilever 
over an extremely Wide range of frequencies. Driving the 
body of the cantilever With an ultrasonic actuator produces 
a much higher localiZed force than can be achieved through 
the use of a traditional pieZoelectric actuator and, accord 
ingly, permits a “clean” frequency response Where the 
resonance peak is easily identi?ed and differentiated from 
parasitic resonance peaks. This, in turn, dramatically 
improves the accuracy, precision, and stability of the mea 
surement, and increases the system’s bandWidth, particu 
larly When the cantilever operates in a liquid. The method 
implemented by the invention can be used to actuate canti 
levers With arbitrary shapes and materials, eliminating the 
requirement for magnetic or pieZoelectric coatings on the 
cantilever. The method and system of the preferred embodi 
ments also are useful in imaging in liquids and quantitative 
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measurements of surfaces and molecular-scale samples in 
liquids. The method and system of the preferred embodi 
ments also are useful in AFM measurements in other ?uids 
including air. 

[0022] The improved frequency response of the ultrasonic 
actuator of the preferred embodiment also yields a dramati 
cally higher bandWidth than traditional pieZoelectric actua 
tors, rendering them useful in a variety of applications and 
With a variety of cantilevers beyond those available With 
conventional pieZoelectric actuators. 

[0023] The beam is preferably “shaped”, i.e., manipulated 
to limit unWanted propagation in directions other than 
toWard the cantilever, so that ultrasonic energy impinges at 
least primarily on the cantilever. TWo suitable techniques for 
shaping the beam are focusing and collimation. Ultrasonic 
beams can be focused on the cantilever using a Fresnel lens 
or another focusing device located betWeen the ultrasonic 
actuator and the cantilever. Collimation requires only that 
the ultrasonic actuator be suitably siZed, positioned, and 
driven to reduce beam divergence suf?ciently to achieve the 
desired effect. 

[0024] Cantilever de?ection may be measured by a con 
ventional photodetector, in Which case the photodetector, a 
laser, and the ultrasonic actuator are all preferably posi 
tioned on a common side of the cantilever opposite the 
sample support. Cantilever de?ection may also be detected 
using another device such as a simple interferometer located 
over the cantilever body. 

[0025] These and other features and advantages of the 
invention Will become apparent to those skilled in the art 
from the folloWing detailed description and the accompa 
nying draWings. It should be understood, hoWever, that the 
detailed description and speci?c examples, While indicating 
preferred embodiments of the present invention, are given 
by Way of illustration and not of limitation. Many changes 
and modi?cations may be made Within the scope of the 
present invention Without departing from the spirit thereof, 
and the invention includes all such modi?cations 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] A preferred exemplary embodiment of the inven 
tion is illustrated in the accompanying draWings in Which 
like reference numerals represent like parts throughout, and 
in Which: 

[0027] FIGS. 1A is a schematic vieW of a conventional 
AFM having a pieZoelectric drive, appropriately labeled 
“prior art”; 

[0028] FIG. 1B is a schematic vieW of a conventional 
magnetic drive system, appropriately labeled “prior art”; 

[0029] FIG. 1C is a schematic vieW of a conventional 
acoustically driven microscope, appropriately labeled “prior 
art”; 

[0030] FIG. 1D is a schematic vieW of a conventional 
ultrasonic force microscope (UFM), appropriately labeled 
“prior art”; 

[0031] FIG. 2A is a graph illustrating the response of a 
typical AFM to an oscillating excitation When the cantilever 
is operating in air; 
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[0032] FIG. 2B is a response of a typical AFM cantilever 
to oscillating excitation When the cantilever is operating in 
a liquid; 

[0033] FIG. 3A schematically illustrates the de?ection of 
a cantilever of an AFM using ARP; 

[0034] FIG. 3B schematically illustrates an ultrasonically 
actuated AFM constructed in accordance With a ?rst 
embodiment of the present invention and incorporating the 
ARP de?ected cantilever of FIG. 3A and an associated 
ultrasonic actuator; 

[0035] FIG. 4 is a graph illustrating signal amplitude 
versus time of both drive input and measured cantilever 
de?ection of the instrument of FIG. 3B; 

[0036] FIG. 5 is a graph of cantilever de?ection versus 
input poWer for the instrument of FIG. 3B; 

[0037] FIG. 6 is a graph of de?ection versus frequency of 
various cantilevers usable in the system of FIG. 3B; 

[0038] FIG. 7A is a family of curves illustrating the 
response of a cantilever of the system of FIG. 3B to an 
oscillating input drive signal in liquid using both a prior art 
actuator and the actuator of FIG. 3B; 

[0039] FIG. 7B is a graph illustrating the response of the 
cantilever of the system of FIG. 3B to changes in RF input 
frequency; 

[0040] FIG. 8 schematically illustrates an ultrasonically 
actuated AFM constructed in accordance With a second 
embodiment of the invention in Which the AFM is con?g 
ured for TappingMode operation; 

[0041] FIG. 9 is a schematic top plan vieW of the ultra 
sonic drive for an AFM constructed in accordance With a 
third embodiment of the invention in Which the ultrasonic 
actuator and detector are positioned on a common side of the 
cantilever opposed to the sample supports; 

[0042] FIG. 10A is a graph of probe tip de?ection versus 
beam impingement position for loW frequency excitation of 
the cantilever of the instrument of FIG. 8; 

[0043] FIG. 10B is a graph of probe tip de?ection versus 
beam impingement position for high frequency excitation of 
the cantilever of the instrument of FIG. 8; 

[0044] FIG. 11 schematically illustrates an ultrasonically 
actuated AFM constructed in accordance With a fourth 
embodiment of the invention in Which the AFM is con?g 
ured to take elasticity measurements; 

[0045] FIG. 12A is a comparative array of amplitude and 
phase images obtained by operating the AFM of FIG. 11 in 
a ?rst torsional mode; 

[0046] FIG. 12B is a comparative array of amplitude and 
phase images obtained by operating the AFM of FIG. 11 in 
a second torsional mode; 

[0047] FIG. 13 schematically illustrates an ultrasonically 
actuated AFM constructed in accordance With another 
embodiment of the invention in Which the ultrasonic actua 
tor and related components are con?gured to transmit a 
collimated or minimally divergent beam onto the cantilever 
as opposed to a focused beam; 
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[0048] FIG. 14A schematically illustrates a portion of an 
ultrasonically actuated cantilever array shoWing an array of 
ultrasonic actuators matched to an array of cantilevers; and 

[0049] FIG. 14B schematically illustrates a portion of an 
ultrasonically actuated cantilever array With a single rect 
angular ultrasonic actuator arranged to excite the array of 
cantilevers. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0050] As discussed brie?y in the Summary section above, 
the invention lies in the use of ultrasonically generated 
acoustic radiation pressure to de?ect a cantilever of a 

probe-based instrument. It is particularly Well suited, but in 
no Way limited, for instruments con?gured to take measure 
ments in a liquid such as Water or other aqueous solutions. 

Avariety of SPMs and other instruments may bene?t from 
this technique. Hence, While several different AFMs incor 
porating the invention Will noW be described by Way of 
example, it must be emphasiZed that the invention is not 
limited to the described embodiments or even to AFMs in 

general. To the contrary, it is applicable to virtually any 
probe-based instrument in Which a cantilever is de?ected by 
directing a beam of ultrasonic energy at the cantilever to 
apply ultrasonically generated acoustic radiation pressure to 
the cantilever. The beam preferably is shaped, either by 
focusing substantially onto a surface of the cantilever, or by 
generating a suf?ciently collimated or minimally divergent 
beam to permit to at least a portion of the beam to strike the 
cantilever. A variety of different ultrasonic actuators and 
associated drives may be employed to achieve these effects, 
and cantilever de?ection may be measured using a variety of 
techniques. 

Theory of Operation 

[0051] A plane target placed in the path of an acoustic 
Wave beam in an uncon?ned medium experiences a time 
averaged force per unit area. This pressure is knoWn as the 
“Langevin acoustic radiation pressure” The inven 
tion lies in the use of the forces imposed by the application 
of this pressure to de?ect the cantilever of a probe-based 
instrument. One such probe 112 is illustrated schematically 
in FIG. 3A. The probe 112 includes a cantilever 122 and a 
tip 124 mounted or otherWise provided on a free end of the 
cantilever 122. The ARP is related to the average energy 
density, U, at the target surface and it may if desired be 
localiZed at a speci?c location on the cantilever 122 by 
placing that location of the cantilever 122 at the focal plane 
of an acoustic lens. As a simple model based on plane Waves, 
it can be assumed that, at the focal plane, a time harmonic 
acoustic pressure Wave of amplitude, Pi, is normally incident 
on a cantilever immersed in a liquid and that the Wave is 

re?ected With a complex pressure re?ection coef?cient, I“, at 
an angular frequency, uu=2rcf. This re?ection coef?cient can 
be considered as a Weighted average over the incident 
spectrum of plane Waves that Would be included in a focused 
beam. In this case, the time-averaged energy density at the 
cantilever surface Will be given by 
















